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Genetic Involvement in Skin Wound Healing
and Scarring in Domestic Pigs: Assessment of
Molecular Expression Patterns in (YorkshireRed
Duroc)Yorkshire Backcross Animals
Corrie L. Gallant-Behm1, Carol Reno1, Helen Tsao1 and David A. Hart1
Yorkshire, red Duroc, and F1 (first-generation cross) pigs heal with normal, fibroproliferative/hypercontractile,
and intermediate levels of scarring, respectively. The purpose of this study was to evaluate the healing
phenotype of Yorkshire F1 backcross animals, to address the molecular basis for genetic transmission of the
red Duroc scarring phenotype. Macroscopically and histologically, full-thickness wounds on backcross animals
followed the Yorkshire phenotype, with one exception; the backcross wounds exhibited contraction following
re-epithelialization. The molecular expression patterns in the backcross animals generally correlated with the
macroscopic and histologic findings. Compared to Yorkshire, red Duroc, and F1 wounds, the backcross wounds
demonstrated a diminished initial inflammatory phase, followed by a prolonged expression of several relevant
growth factors. Additionally, collagen expression was prolonged, expression of matrix metalloproteinases was
increased, and alterations in tissue inhibitor of metalloproteinase expression were detected. Moreover, a subset
of molecules still followed the red Duroc pattern of mRNA expression, a finding that allows for correlations
between the scarring phenotype and the molecular expression patterns to be made in this model. The results
indicate that a number of genes are likely involved in the red Duroc healing phenotype and that identification
of the specific genes involved will require a more detailed genomic analysis.
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INTRODUCTION
Keloids and hypertrophic scars are fibroproliferative scars that
form as the result of the ‘‘overhealing’’ of a cutaneous wound.
They are frequently associated with excessive or prolonged
wound contraction, and may result in the development of
pathologic contractures. Together, fibroproliferative scars and
contractures are a source of concern for patients and physicians
alike, as they may cause disfigurement and/or loss of function
and mobility. However, the mechanisms that underlie the
processes of scarring and wound contraction remain poorly
understood, and there are few therapeutics currently available
to prevent or treat the formation of these scars. As human
samples are difficult to acquire, animal models of scarring may
provide the best means to evaluate the genetics of scarring and
the mechanisms that result in scar formation.
The Yorkshire pig is a well-established model of normal
skin wound healing, closely approximating the normal
process of healing in humans (Wang et al., 2000, 2001). In
contrast, previous studies have established that the red Duroc
pig is a reproducible model of fibroproliferative and
hypercontractile scar formation, demonstrating some features
of human hypertrophic scars and pathologic contractures,
as well as unique features (Gallant et al., 2004; Gallant-Behm
et al., 2006a). Similar to human hypertrophic scars, red
Duroc pig wounds heal with an excessive amount of collagen
deposition, and are associated with collagen nodule forma-
tion (Gallant et al., 2004). Like pathologic contractures in
humans, the red Duroc wounds contract significantly more
than normal wounds following injury, with two phases of
contraction: before and after re-epithelialization (Gallant-
Behm and Hart, 2006). Unique to this model, the red Duroc
wounds heal with hyperpigmentation at the wound margins
(Gallant et al., 2004).
As the formation of human fibroproliferative scars may be
genetically mediated (Marneros et al., 2001; Bayat et al.,
2005), studies have been undertaken to elucidate the role
of genetics in the red Duroc scarring phenotype. Previous
studies (Gallant-Behm and Hart, 2006; Gallant-Behm
et al., 2006b) have evaluated the healing process in a first-
generation (F1) cross between Yorkshire and red Duroc pigs,
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and have determined that the F1 animals heal with features of
both parent breeds. At the level of contraction, the red Duroc
genetic contribution was dominant; F1 wounds contracted
significantly more than equivalent red Duroc wounds. At
the level of fibrosis, the red Duroc contribution was also
dominant; F1 skin wounds were dense and firm upon
macroscopic assessment, and substantial dermal collagen
deposition was apparent via histologic assessment. In
contrast, at the level of pigmentation, the Yorkshire genetic
contribution was dominant, all of the F1 wounds were
apigmented. On a molecular level, features of each parent
breed as well as features unique to the F1 animals were
apparent (Gallant-Behm et al., 2006b).
The purpose of the present study was to evaluate the
further genetic transmission of the red Duroc healing
phenotype. The (Yorkshire red Duroc) F1 animals used in
previous studies (Gallant-Behm et al., 2006b) were bred to
a single Yorkshire boar, and the resulting backcross progeny
were used in this study. Macroscopic, histologic, and
molecular analysis was performed on normal skin and on
healing wounds from the backcross animals, for the purposes
of direct comparison to the previously published studies
on Yorkshire, red Duroc, and F1 healing (Wang et al., 2000,
2001; Gallant et al., 2004; Gallant-Behm and Hart, 2006;
Gallant-Behm et al., 2006a, b).
RESULTS
Macroscopic wound appearance
As reported previously in Yorkshire (Wang et al., 2000,
2001), red Duroc (Gallant et al., 2004; Gallant-Behm et al.,
2006a), and (Yorkshire red Duroc) F1 animals (Gallant-
Behm and Hart, 2006; Gallant-Behm et al., 2006b), 22 cm
full-thickness excisional skin wounds created on the
dorsal skin of (Yorkshire F1) backcross pigs healed rapidly.
The backcross skin wounds began to produce granulation
tissue within 7 days of injury, and were completely filled
by day 14, at which time some re-epithelialization was
observed at the wound margins. All wounds were completely
re-epithelialized by day 28 post-injury. The backcross
skin wounds appeared to more closely resemble equiva-
lent wounds in Yorkshire animals; neither were there any
qualitative signs of fibrosis (swelling, firmness, decreased
skin elasticity) in the backcross skin wounds nor was
there any pigmentation within the wounds or at the wound
margins.
Wound contraction
As excessive wound contraction is an important feature of the
red Duroc and F1 fibroproliferative scarring phenotypes
(Gallant-Behm and Hart, 2006), wound contraction was
quantified in the backcross full-thickness wounds every week
following wounding for 10 weeks. The backcross wound
contraction profile was unique, demonstrating features of
both the Yorkshire and red Duroc phenotype (Figure 1).
There were few differences observed within or between
the backcross litters (data not shown). Similar to Yorkshire
wounds (Gallant-Behm and Hart, 2006), the backcross
wounds demonstrated an initial lag phase (Hayward and
Robson, 1991), with wound gaping following surgery,
possibly owing to the tension of the surrounding skin in this
tight skin model. This resulted in a significant increase in the
wound area by day 7 post-injury (Po0.01). It is important to
note that this lag phase was absent from both red Duroc and
F1 animals (Gallant-Behm and Hart, 2006; Gallant-Behm
et al., 2006b). Further, the gaping observed in the backcross
skin wounds was greater than that previously observed in
Yorkshire skin wounds (Gallant-Behm and Hart, 2006).
Following the initial lag phase, the backcross wounds began
to contract, resulting in a significant decrease in the total
wound area (including both the re-epithelialized and
non-epithelialized area), as compared to the original wound
area, by 21 days post-injury. The rate of wound contraction
in the backcross wounds between day 7 and 28 was
equivalent to the rate previously observed in Yorkshire
wounds (Gallant-Behm and Hart, 2006). However, following
re-epithelialization, the backcross skin wounds continued to
contract significantly (Figure 1), a feature previously observed
only in wounds on red Duroc and F1 animals.
Histology
Representative photographs of histological sections from
normal backcross skin and from healing backcross wounds
are presented in Figure 2 (hematoxylin and eosin stain) and
Figure 3 (Sirius red stain). Normal, unwounded backcross
sections were indistinguishable from normal skin from
Yorkshire, red Duroc, and F1 animals. At 7 days following
injury, the wounds contained a small amount of friable
granulation tissue and dense inflammatory infiltrate, located
above some residual hypodermis. Little or no collagen
deposition was observed, except within the residual hypo-
dermis. By day 14, the wounds were completely filled with
granulation tissue, although many inflammatory cells were
still present. Collagen deposition was still minimal. From day
21 to day 28, the wounds underwent re-epithelialization,
although the epithelium remained loose, friable, and largely
absent of normal rete ridges until 49–56 days post-injury.
Fibroblast proliferation and collagen deposition occurred
primarily between day 21 and 63, somewhat delayed as
compared to Yorkshire wounds (Wang et al., 2000).
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Figure 1. Total wound area of backcross skin wounds over time: percentage
of original wound area. Mean7SEM, N¼ 20. **Po0.01 as compared to the
original wound area. zPo0.01 as compared to the wound area at the time of
re-epithelialization.
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Extracellular matrix reorganization began between day 35
and 42, and continued throughout the study, with the scar
tissue generally resembling normal tissue at the end of the
study, 70 days following injury. However, the dermal
collagen fibrils remained more numerous and thinner than
those present in normal, unwounded tissue.
RNA yield
Total RNA was extracted from tissue samples from normal
skin at the time of surgery, and from the backcross full-
thickness wounds every week for 10 weeks following injury.
The total RNA yield for the backcross animals followed a
similar temporal pattern as observed previously in purebred
Yorkshire (Wang et al., 2001), red Duroc (Gallant-Behm
et al., 2006a), and F1 animals (Gallant-Behm et al., 2006b).
Specifically, the RNA yield for the F1 full-thickness
wounds began to increase significantly following injury,
reaching a maximum 3-fold elevation as compared to
unwounded skin (Po0.01) by 28 days following injury
(Figure 4). These values declined thereafter, although
they remained significantly elevated for the duration of the
study. Although there were few significant variations
observed within the backcross litters, litter number 4 had a
delayed elevation in RNA yield as compared to the
other litters, reaching maximal values at day 35 post-injury
(data not shown).
Molecular biology
The mRNA expression pattern for a selected subset of 15
matrix molecules, matrix metalloproteinases (MMPs) and
inhibitors, cytokines, growth factors, and transcription factors
was assessed in full-thickness skin wounds in backcross
animals using semiquantitative reverse transcription PCR
(RT-PCR) (Table S1). These molecules have been previously
assessed in Yorkshire, red Duroc, and F1 pig wounds (Wang
et al., 2000, 2001; Gallant et al., 2004; Gallant-Behm et al.,
2006a, b), allowing for direct comparison of molecular
expression patterns in the backcross animals to the parental
breeds. Furthermore, significant differences had been
previously observed between the Yorkshire, red Duroc, and
F1 pig breeds (Wang et al., 2000, 2001; Gallant et al., 2004;
Gallant-Behm et al., 2006a, b) for each of the molecules
tested. The pattern of mRNA expression is presented in
Table 1, as compared to the normal, Yorkshire pattern of
expression.
The mRNA levels for the extracellular matrix proteins,
MMPs, and tissue inhibitor of the matrix metalloproteinases
(TIMPs) are presented in Figure 5. Bone morphogenic protein-
1, collagen I, heat-shock protein 47, decorin, MMP 2, and
TIMP 2, all demonstrated a similar pattern of gene expression.
The mRNA levels for these genes gradually increased over
time, reaching maximal levels between day 35 and 70 post-
wounding. The expression of decorin in the backcross
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Figure 2. Histology of backcross wound samples. Sections were stained with hematoxylin and eosin. (a) Normal skin, day 0. (b) Day 7 post-injury; (c) day 14;
(d) day 21; (e) day 28; (f) day 35; (g) day 42; (h) day 49; (i) day 56; (j) day 63; and (k) day 70. Bar¼ 250 mm.
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wounds was comparable to that reported for Yorkshire
wounds (Wang et al., 2001). In contrast, the expression
pattern for bone morphogenic protein 1, collagen I, and heat-
shock protein 47 mRNA was prolonged, similar to what has
been observed during healing of F1 skin wounds (Wang et al.,
2000; Gallant-Behm et al., 2006b). Furthermore, MMP 2 and
TIMP 2 mRNA levels were significantly elevated and
prolonged as compared to Yorkshire wounds, and more
closely resembled the pattern of expression in red Duroc and
F1 full-thickness wounds (Wang et al., 2000; Gallant et al.,
2004; Gallant-Behm et al., 2006b). Interestingly, the patterns
of mRNA expression for osteopontin and TIMP 3 were
different from the remainder of the extracellular matrix
molecules assessed. Specifically, mRNA levels for osteopon-
tin were increased between day 7 and 21, an early elevation
in expression that differed from other pig breeds tested
(Gallant et al., 2004; Gallant-Behm et al., 2006b). TIMP 3
followed the F1 pattern of expression (Gallant-Behm et al.,
2006b), having significantly decreased mRNA levels through-
out the entire study.
The mRNA levels for the cytokines, growth factors, and
transcription factors are presented in Figure 6. The cytokines
IL-1 and IL-6 followed a similar pattern of expression. Both
molecules demonstrated an initial peak of expression
between 7 and 14 days post-injury, which returned to normal
values thereafter. Whereas the IL-6 pattern was normal, and
comparable to equivalent Yorkshire wounds (Wang et al.,
2000), the peak of IL-1 expression was reduced and delayed
as compared to Yorkshire wounds. Furthermore, whereas in
Yorkshire wounds tumor necrosis factor-a levels correlated
with those for other proinflammatory cytokines (Wang et al.,
2001), there were no significant changes in tumor necrosis
factor-a mRNA levels observed in the backcross wounds
during healing. There were also few changes observed in the
mRNA levels for the transcription factor c-fos, a molecule
which was decreased during healing in Yorkshire animals
(Wang et al., 2001). The growth factors keratinocyte growth
factor (KGF) and transforming growth factor beta (TGF-b) are
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Figure 3. Collagen orientation in backcross full-thickness wound samples. Sections were stained with Sirius red in picric acid and photographed under
cross-polarized light. (a) Normal skin, day 0. (b) Day 7 post-injury; (c) day 14; (d) day 21; (e) day 28; (f) day 35; (g) day 42; (h) day 49; (i) day 56; (j) day 63;
(k) day 70. Bar¼ 250mm.
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Figure 4. RNA yield for backcross skin wounds. Mean7SEM, N¼ 20.
*Po0.05, **Po0.01 as compared to normal values.
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two molecules that have demonstrated previously a biphasic
pattern or prolonged gene expression, respectively, in red
Duroc and F1 wounds (Gallant-Behm et al., 2006a, b). In the
backcross animals, KGF also demonstrated a trend toward
biphasic gene expression (not significant), the only molecule
to do so in the backcross animals. Furthermore, there was a
significant prolonged elevation of TGF-b mRNA levels in
backcross wounds.
It is important to note that although there were generally
few differences observed between the various backcross
litters, two molecules, namely osteopontin and KGF,
demonstrated significant litter-to-litter variability. This is
presented in detail in Figure 7. The majority of animals
exhibited no changes in mRNA levels for osteopontin
following wounding. In contrast, a significant elevation in
osteopontin mRNA levels from day 7 to 21 post-wounding
was detected for litters 3 and 4. This elevation was sufficient
to skew the overall mean significantly, when the values for
all litters were combined. Moreover, litter 4 demonstrated
a second, although not significant, ‘‘wave’’ of increased
expression beginning at day 42 post-injury. For KGF,
the overall biphasic trend of mRNA expression was the
result of a significant (Po0.01) biphasic pattern for litter 4
(Figure 7b). The remainder of the animals demonstrated
no significant changes in mRNA levels for KGF during
healing.
The mRNA expression pattern for a subset of selected
molecules, including IGF-1 and TIMP 3, was confirmed using
quantitative real-time PCR (Figure 8). The results for IGF-1
were indistinguishable from those obtained using semiquan-
titative PCR. The pattern of mRNA expression for TIMP 3 was
very similar to that obtained using semiquantitative PCR
(significantly decreased expression throughout the healing
process), although a fold-difference was observed between
the two methods, potentially indicating a greater sensitivity of
real-time PCR for the detection of some transcripts. However,
in the case of TIMP 3, real-time PCR analysis increased the
significance of the depressed mRNA levels, but did not
change the pattern of the results. Thus, the two methods yield
comparable results.
DISCUSSION
This study evaluated the genetics of skin wound healing and
scarring using a well-established porcine model. Previous
Table 1. mRNA expression patterns for full-thickness skin wounds in red Duroc, Yorkshire red Duroc F1, and
backcross pigs
Gene1 Red Duroc2 F13 Backcross
Extracellular matrix molecules
BMP-1 Biphasic Prolonged Prolonged
Collagen I Biphasic Prolonged Prolonged
Decorin Biphasic Normal Normal
HSP 47 Biphasic Prolonged Prolonged
Osteopontin Biphasic Decreased Elevated4
MMPs and TIMPs
MMP 2 Elevated and prolonged Elevated and prolonged Elevated and prolonged
TIMP 2 Biphasic Elevated and prolonged Elevated and prolonged
TIMP 3 Biphasic Decreased Decreased
Cytokines and growth factors
IGF-1 Biphasic Delayed Elevated early, decreased late
IL-1 Biphasic Normal early, decreased late Decreased
IL-6 Biphasic Normal Normal
KGF Biphasic Prolonged Biphasic4
TGF-b Biphasic Prolonged Prolonged
TNF-a Biphasic Biphasic Decreased
Transcription factors
c-fos Biphasic Elevated late Elevated
BMP-1, bone morphogenic protein 1; HSP 47, heat-shock protein 47; IGF-1, insulin-like growth factor 1; KGF, keratinocyte growth factor; MMP, matrix
metalloproteinase; TGF-b, transforming growth factor beta; TIMP, tissue inhibitor of the MMPs; TNF-a, tumor necrosis factor alpha.
1Expression data reported as compared to Yorkshire full-thickness skin wounds (Wang et al., 2000, 2001).
2Previous red Duroc studies (Gallant et al., 2004; Gallant-Behm et al., 2006a).
3Previous F1 studies (Gallant-Behm et al., 2006b).
4Significant variation observed between litters (Po0.05).
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studies have shown that red Duroc pigs heal with the
formation of fibrotic, hypercontracted, hyperpigmented scars,
similar in some respects to human hypertrophic scars and
pathologic contractures (Gallant et al., 2004; Gallant-Behm
et al., 2006a), whereas Yorkshire pigs heal normally, with
minimal scar formation (Wang et al., 2000, 2001). The red
Duroc scarring phenotype has been previously shown to be
genetically transmitted to the F1 offspring of Yorkshire and
red Duroc animals (Gallant-Behm and Hart, 2006; Gallant-
Behm et al., 2006b). In the current study, the continued
genetic transmission of the red Duroc skin wound healing
phenotype to the backcross offspring of Yorkshire and F1 pigs
has been characterized at the macroscopic, histological, and
molecular levels, in order to better understand the mecha-
nisms that control wound contraction and scar formation. As
determined by histology and macroscopic wound evaluation,
the backcross full-thickness skin wounds generally followed
the normal Yorkshire healing phenotype. Specifically, the
backcross skin wounds healed with an absence of wound
pigmentation and fibrosis, two principal features of the red
Duroc scarring phenotype (Gallant et al., 2004). Based upon
wound measurement, however, features of both the Yorkshire
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Figure 5. mRNA levels for extracellular matrix molecules, MMPs, and TIMPs during healing in backcross full-thickness wounds. Mean7SEM, N¼20. (a) BMP-1,
(b) decorin, (c) collagen I, (d) MMP 2, (e) HSP 47, (f) TIMP 2, (g) osteopontin, (h) TIMP 3. *Po0.05, **Po0.01 as compared to normal values.
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and the red Duroc healing phenotype did persist. In
particular, the backcross wounds demonstrated an initial
lag phase, followed by significant wound contraction, similar
to previous observations of Yorkshire wounds (Gallant-Behm
and Hart, 2006). However, wound contraction in the
backcross animals did continue following re-epithelializa-
tion, a feature of the red Duroc and F1 scarring phenotype
(Gallant et al., 2004; Gallant-Behm and Hart, 2006; Gallant-
Behm et al., 2006b) that is similar to the formation of
pathologic skin contractures in humans. Thus, it is likely that
the pre-epithelialization and post-epithelialization phases of
contraction are controlled by different mechanisms (i.e.,
possibly fibroblast- vs myofibroblast-dependent contraction)
and by different genetic markers that segregate indepen-
dently, with the red Duroc genetic contribution for the
pre-epithelialization phase of contraction being lost in the
backcross animals, and the red Duroc post-epithelialization
phase of contraction remaining dominant in the backcross
animals.
In order to determine which genetic markers may be
responsible for the various features of the red Duroc healing
phenotype, the present study also performed a molecular
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Figure 6. mRNA levels for cytokines, growth factors, and transcription factors during healing in backcross full-thickness wounds. Mean7SEM, N¼ 20.
(a) IL-1, (b) IGF-1, (c) IL-6, (d) KGF, (e) TNF-a, (f) TGF-b, (g) c-fos. *Po0.05, **Po0.01 as compared to normal values.
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analysis of the healing backcross skin wounds. IL-1, IL-6, and
tumor necrosis factor-a are proinflammatory cytokines that
are involved in the early stages of normal wound healing
in the Yorkshire model (Wang et al., 2000, 2001). In the
backcross skin wounds, the expression of IL-6 was normal,
and the expression of IL-1 and tumor necrosis factor-a was
reduced as compared to equivalent Yorkshire wounds. This
situation may have led to an attenuation of the backcross
inflammatory phase of healing, which could in turn account
for the excessive wound gaping following injury, by reducing
the amount of initial wound contraction. Furthermore, as
proinflammatory cytokines also contribute to the initiation of
collagen synthesis and proteoglycan production early in the
healing process (Scharffetter et al., 1989; Garg et al., 1993;
Gallucci et al., 2001; Okuno et al., 2002), the low level of
cytokine expression in the backcross wounds may have
contributed to the lack of significant collagen deposition
before day 21 post-injury, as observed by histology.
Collagen I is a major component of the dermal extra-
cellular matrix, and it is secreted by dermal fibroblasts during
the proliferative phase of healing (Fathke et al., 2004). Bone
morphogenic protein 1 and heat-shock protein 47 are
involved in collagen processing (Kessler et al., 1996; Wang
et al., 2002), and their expression patterns appeared to be
synchronized with that of collagen I in both the Yorkshire
(Wang et al., 2000) and red Duroc (Gallant et al., 2004)
porcine models. Expression of collagen I, bone morphogenic
protein 1, and heat-shock protein 47 in the backcross skin
wounds was somewhat prolonged as compared to Yorkshire
skin wounds, in which expression peaked at 35 days
following injury, and declined thereafter. The continued
expression of collagen beyond day 35 in the backcross
wounds was temporally correlated with the continued
deposition of collagen and the formation of new collagen
fibrils beyond day 35, as demonstrated by histology. Never-
theless, the backcross wounds did not demonstrate any signs
of fibrosis, including scar firmness or swelling, excessive
collagen deposition, or the formation of detectable collagen
nodules. Thus, the prolonged expression of collagen mRNA
may be moderated by other factors, including mRNA stability
and/or a high degree of extracellular matrix degradation.
The MMPs are involved in the degradation, turnover, and
remodeling of the extracellular matrix (Agren, 1994; Parsons
et al., 1997; Muir, 1999; Ravanti and Kahari, 2000; Van den
Steen et al., 2001). Their activity is controlled by specific
inhibitors, the TIMPs (Parsons et al., 1997; Muir, 1999;
Ravanti and Kahari, 2000; Van den Steen et al., 2001), which
help to sustain a balance of extracellular matrix maintenance
and degradation that is essential to normal tissue function and
repair. In the backcross animals, expression of MMP 2
and TIMP 2 was elevated and prolonged as compared to
Yorkshire wounds, and expression of TIMP 3 was significantly
decreased. As TIMP 2 has been found to inhibit specifically
the activity of MMP 2, and TIMP 3 inhibits multiple MMPs
including MMP 1, 2, 3, 9, and 13 (Vaalamo et al., 1999),
there was potentially a high level of MMP activity within the
backcross wounds. These findings are similar to previous
observations in red Duroc and F1 skin wounds, and may
indicate a high degree of matrix turnover within the wounds.
Our laboratory is currently developing Western blot, zymo-
graphy, and reverse zymography tools to confirm that the
mRNA changes are reflected in changes in protein expres-
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sion, and to evaluate the activity of specific MMPs and TIMPs
in the wound environment.
Growth factors are responsible for regulating the process
of wound healing, controlling cell proliferation, and extra-
cellular matrix deposition. For example, KGF controls
keratinocyte proliferation (Latkowski et al., 1995), and IGF
and TGF-b have been reported to control cell migration,
fibroblast proliferation, collagen production, and wound
contraction (Steed, 1997; Sudarshan et al., 1998; Duncan
et al., 1999; Lanning et al., 1999; Crowe et al., 2000;
Liu et al., 2001; Wang et al., 2003), among other relevant
processes. This study allows for the correlation of the
backcross wound healing phenotype with the expression of
these growth factors. For example, TGF-b expression in the
backcross wounds was prolonged following re-epithelializa-
tion, similar to that observed in F1 animals, and TGF-b may
therefore be responsible for stimulating wound contraction
post-epithelialization. However, not all changes in growth
factor expression are necessarily associated with phenotypic
changes. Indeed, KGF expression was biphasic in some
animals, whereas unchanged in others. Nevertheless, there
were no significant macroscopic or histological differences
between animals. This suggests that TGF-b may be more
important than KGF in controlling the later stages of the
wound healing process in this porcine model.
It should be pointed out that the semiquantitative RT-PCR
methodology used in the present study does not yield
determinations of RNA levels as accurately as quantitative
RT-PCR, particularly for low abundance transcripts. How-
ever, this study has revealed good correlations between
results obtained by semiquantitative RT-PCR and real-time
PCR for a subset of molecules. Other recent studies confirm
these findings for additional molecules (Lu, et al., in press;
Kydd, et al. revision submitted, and Dr M Smith, Royal North
Shore Hospital, Sydney, Australia, personal communication).
Therefore, the detection of significant changes in mRNA
levels by semiquantitative RT-PCR performed under rigorous
conditions can still yield valid approximations of changes in
mRNA levels for many molecules. This is particularly relevant
to the present study as the pattern of gene expression is likely
more important than the absolute increases or decreases in
mRNA levels for individual molecules. Furthermore, the
methodology used in the present study has shown previously
good correlations between mRNA and protein levels for
molecules including collagens (Murphy et al., 1994; Boykiw
et al., 1998), their chaperones (Reno et al., 1997), MMPs
(Hellio le Graverand et al., 2000), and growth factors (Wang
et al., 2003) in other connective tissues. Nevertheless, we are
currently developing and validating reagents for the evalua-
tion of protein expression in this model.
In conclusion, cutaneous full-thickness wounds in the
backcross animals (one-quarter red Duroc, three-quarters
Yorkshire) healed with some features of each parent breed,
and with few differences between animals, except in specific
circumstances (i.e., different litters). In general, the pattern of
mRNA expression in the backcross animals was shown to
correlate with the wound healing phenotype. Furthermore,
the patterns of molecular expression in the backcross animals
were generally, but not always, consistent between litters.
The molecules that differed between litters but did not
affect the phenotype (i.e., KGF, osteopontin) are therefore not
likely to be critical for the genetic transmission of the
red Duroc healing phenotype. Further study will never-
theless be required in order to eliminate other possibilities,
or to conclusively link specific genes to the red Duroc
hypercontractile, hyperpigmented scarring phenotype.
Porcine-specific gene arrays have recently become available
(Affymetrix: http://www.affymetrix.com/products/arrays/spe-
cific/porcine.affx) and may aid in this endeavor. These and
future investigations may thereby aid in the identification of
the genes that may predispose humans to form fibroproli-
ferative scars or pathologic contractures, and may increase
our understanding of the mechanisms that regulate wound
contraction and scar formation in humans.
MATERIALS AND METHODS
Animals
Backcross pigs, with a genetic background of one-quarter red Duroc
pig and three-quarters Yorkshire pig were purpose-generated at the
University of Calgary Life Sciences Research Station, as described
previously (Gallant-Behm and Hart, 2006), in accordance with
Canadian Council on Animal Care guidelines and with a protocol
approved by the Animal Care Committee of the Faculty of Medicine
(University of Calgary). Briefly, the F1 female progeny from a cross
between purebred Yorkshire and red Duroc pigs (YRD F1) (N¼ 8,
four animals from each of two litters) were obtained from the
Neufeld Farm (Acme, Alberta, Canada), and were used in a skin
wound healing experiment (Gallant-Behm et al., 2006b). Following
the completion of the wound healing study, all YRD F1 animals
were maintained until they reached skeletal and sexual maturity.
A single purebred Yorkshire boar was obtained from Pig Improve-
ment Canada/Sunterra Farms (Acme), and was bred with all eight F1
sows. All male piglets were killed immediately. Female backcross
piglets (N¼ 20, in six litters) had their tails docked and canine teeth
clipped within 48 hours of birth. They were weaned at 1 month of
age, and were enrolled in the wound healing study when they
reached 20–25 kg, at approximately 2 months of age.
Skin wounding
Animals were subjected to skin wounding as described previously
(Wang et al., 2000, 2001; Gallant et al., 2004; Gallant-Behm and
Hart, 2006; Gallant-Behm et al., 2006b). Specifically, before surgery
all animals were fasted for 12 hours. The animals were pre-
medicated with intramuscular ketamine (15 mg/kg) and aceproma-
zine (0.4 mg/kg), and general anesthesia was induced by the
administration of 1–2% isofluorane by mask. Each animal was then
placed in ventral recumbency and its back was shaved with standard
animal clippers. The dorsal skin was washed, and 20 square
2 2 cm full-thickness wounds were created on the back of each
animal using a scalpel and the skin including the subcutaneous fat
was removed, exposing the underlying fascia. The wounds were
arranged in five rows and four columns down the back, with a
minimum of 2.5 cm between each wound. Hemostasis was induced,
the wounds were sprayed with a gentamycin containing wound-
spray, and the wounds were bandaged. A fentanyl transdermal patch
(75 mg/hour) was used for long-term pain control (72 hours), and
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butorphanol (0.1 mg/kg, intramuscular) was administered for break-
through pain for the first 8 hours. All wounds remained bandaged for
3 days and then were left open to heal.
Wound evaluation and subsequent tissue sampling
On day 0, and every subsequent week for 10 weeks following
surgery, the animals were anesthetized as described above. The
dorsal skin was shaved and photographed, and wound area was
determined by computer image analysis and by measuring all
wounds in two dimensions (cranial–caudal and dorsal–ventral) across
the center of the wound using digital calipers. At the indicated time
post-injury, two skin wounds were sampled using a 4 mm diameter
biopsy punch. The samples were processed for histology, or were
snap-frozen in liquid nitrogen for molecular analysis and were
maintained at 801C until processing.
Histology
Samples from normal and scar tissue were fixed in 2% paraformal-
dehyde in phosphate-buffered saline and embedded in paraffin
(Paraplast Plus, Oxford Labware, St Louis, MO). Five-micron-thick
sections were deparaffinized and stained with hematoxylin and
eosin (Harada et al., 1998), or with Sirius red in picric acid
(Junqueira et al., 1979; James et al., 1986) and were photographed
under original magnification  100 (Axioscop 2 Plus and AxioCam,
Carl Zeiss, Toronto, Ontario, Canada) under white and cross-
polarized light, respectively. All samples were assessed in a blinded
manner, by an experienced observer.
RNA extraction and quantification
Total RNA was extracted and quantified from all tissue samples at
the same time according to the TRIspin method (Reno et al., 1997).
Briefly, the frozen tissue (15–45 mg) was powdered (Mikro-Dismem-
brator S, B. Braun Biotech International, Allentown, PA) and Trizol
(Sigma Chemical Co., St Louis, MO; 1 ml) was added to each
sample. Following extraction with chloroform, total RNA was further
purified using the RNeasy spin extraction kit (Qiagen Inc.,
Mississauga, Ontario, Canada) with the addition of a DNAse step
(RNAse free DNAse, Qiagen Inc.) after the initial wash. RNA
quantification was performed using SYBR Green II dye (Molecular
Probes Inc., Eugene, OR) on a Turner Model 450 Fluorometer
(Barnstead/Thermolyne Corp., Dubuque, IA) with excitation at
468 nm and emission at 525 nm using a standard curve of rRNA
(Sigma Chemical Co.) (Schmidt and Ernst, 1995). RNA was stored at
801C until used for RT-PCR analysis.
Primer development
Primers used in this study were designed previously (Gallant et al.,
2004; Gallant-Behm et al., 2006a) using known pig sequences, or by
using cross-species homologous sequences for the molecules of
interest, and are summarized in Table S1. Each of the molecules
tested was chosen specifically because significant differences had
previously been observed between the Yorkshire, red Duroc, and F1
pig breeds (Wang et al., 2000, 2001; Gallant et al., 2004; Gallant-
Behm et al., 2006a, b). PCR conditions (annealing temperature,
cycle number, etc.) were optimized for each primer set, to ensure
that the PCR reaction was in the linear range of amplification and in
the linear range of the image analysis detection system (ChemiDoc
XRS, Qiagen Inc., Mississauga, Ontario, Canada).
Semiquantitative reverse RT-PCR assays
One microgram of total RNA from each sample was reverse
transcribed using the Omniscript RT kit (Qiagen Inc.) using random
primers and Omniscript reverse transcriptase, and diluted to 500 ml/
mg RNA. All samples in an experiment were subjected to RT at the
same time to avoid variability. PCR was performed on all samples at
the same time as described previously (Sciore et al., 1998), using
15 ml of RT reaction per sample, under standardized PCR reaction
conditions: 1.25 U of Taq DNA polymerase (Rose Scientific Ltd,
Edmonton, Albereta, Canada) per reaction were added and PCR
amplification was performed with an initial 5 minutes denaturation
step at 941C, followed by repeated cycles of denaturation for
30 seconds at 941C, annealing for 30 seconds, and extension for
30 seconds at 721C, concluded by a final extension of 7 minutes at
721C. The appropriate annealing temperatures and cycle numbers
for each primer set are available in Table S1. Cycle numbers greater
than 40 were not used in order to avoid artifacts, but all amplicons
were readily detected in the linear zones of detection curves (Sciore
et al., 1998). After PCR was performed under optimized conditions
for each molecule (cycle number, annealing temperature, buffers),
20 ml of the PCR product was electrophoresed on a 2% agarose gel
(Amersham Pharmacia Biotech, Baie d’Urfe, Quebec, Canada) at
10 V/cm for 1 hour. The gel was stained with ethidium bromide and
destained with distilled water, and subsequently analyzed using
the ChemiDoc XRS system and Quantity One software (Qiagen Inc.).
All samples were in the linear zone of detection by the image
analysis system. For each mRNA of interest, the integrated density of
the PCR product was normalized to the integrated density of the PCR
product of the housekeeping gene b-actin (Soutar et al., 1997;
Boykiw et al., 1998; Reno et al., 1998; Sciore et al., 1998).
Preliminary studies indicated mRNA levels for b-actin did not vary
significantly during healing (CL Gallant-Behm et al., unpublished).
The densitometric values for the full-thickness wounds were
compared to those for normal tissue to determine the relative
expression levels at each time point. No-RT control PCR reactions
performed with total RNA were negative, indicating that contam-
inating genomic DNA was not present in the RNA preparations. To
confirm the validity of the results, a second aliquot of total RNA from
each sample in each experiment was subjected to RT and PCR
analysis for a subset of the reported genes. The results obtained were
indistinguishable from those reported.
Real-time PCR assays
Real-time PCR based on SYBR Green I was performed on a subset of
samples taken from litters 3 and 4, using the same RT preparations
that were used for the semiquantitative PCR analysis. Primers for
b-actin, IGF-1, and TIMP 3 were used (sequence listed in Table S1)
and validated for real-time PCR. The reaction mixture contained
7.5 ml RT (described above), 0.75 ml each of forward and reverse
primer (10 mM), 12.5 ml Bio-Rad iQ SYBR Green Supermix (Bio-Rad,
Hercules, CA), and 3.5 ml molecular biology grade water, for a total
reaction volume of 25 ml. Amplification and detection were
performed using an iCycler Thermal Cycler (Bio-Rad). The PCR
program consisted of 3 minutes at 951C for Taq activation, followed
by 40 cycles of PCR amplification (30 seconds at 951C, 30 seconds
at 651C, and 30 seconds at 721C), and 1 minute at 951C. At the
completion of each run, melting curves for the amplicons were
measured by lowering the temperature slowly from 95 to 151C while
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monitoring fluorescence. The specificity of the PCR amplification
was checked by examining the melting curve (dF/dT vs temperature)
for nonspecific peaks. b-Actin was used as a reference for normal-
ization and relative quantification was analyzed using iCycler iQ
Optical System Software version 3.0a (Bio-Rad, Hercules, CA).
Statistics
For the molecular analysis, one sample from each animal was
processed and used at each time point pre- and post-injury (N¼ 20).
For the wound area investigations, the area of the 2 2 cm
full-thickness wounds was averaged to generate a single value
for each animal at each time point (N¼ 20). Mean and standard
error was calculated on all parameters tested. Statistical analysis was
performed using single-factor analysis of variance, with time as the
factor assessed. Excel 2000 software (Microsoft, Redmond, WA) was
used. Post hoc analysis (Tukey’s simultaneous tests) was performed
using Minitab 14 (Minitab Inc., State College, PA). Po0.05 was
considered statistically significant.
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